Macroautophagy (hereafter autophagy) is a cellular catabolic process that is essential for maintaining tissue homeostasis and regulating various normal and pathologic processes in human diseases including cancer. One cancer-driving process is accumulation of genetic mutations due to impaired DNA damage repair, including nucleotide excision repair. Here we show that autophagy positively regulates nucleotide excision repair through enhancing DNA damage recognition by the DNA damage sensor proteins XPC and DDB2 via 2 pathways. First, autophagy deficiency downregulates the transcription of XPC through TWIST1-dependent activation of the transcription repressor complex E2F4-RBL2. Second, autophagy deficiency impairs the recruitment of DDB2 to ultraviolet radiation (UV)-induced DNA damage sites through TWIST1-mediated inhibition of EP300. In mice, the pharmacological autophagy inhibitor Spautin-1 promotes UVBinduced tumorigenesis, whereas the autophagy inducer rapamycin reduces UVB-induced tumorigenesis. These findings demonstrate the crucial role of autophagy in maintaining proper nucleotide excision repair in mammalian cells and suggest a previously unrecognized tumor-suppressive mechanism of autophagy in cancer.
Introduction
Occurring at a low basal level, macroautophagy (hereafter autophagy) can be induced to maintain tissue homeostasis in response to a variety of physiological and pathological stresses, 1 including solar UV B radiation (UVB). 2, 3 Autophagy dysfunction is associated with multiple human diseases, such as neurodegeneration, infectious diseases, metabolic diseases, cardiovascular diseases, aging, and cancer. [4] [5] [6] [7] In carcinogenesis and cancer progression, autophagy can be both oncogenic and tumor suppressive. [6] [7] [8] [9] On the one hand, autophagy promotes tumorigenesis and tumor progression at least in part through promoting cell survival and invasion. [1] [2] [3] 10, 11 On the other hand, autophagy suppresses tumorigenesis and tumor progression through selectively degrading SQSTM1/p62, an autophagy receptor protein and signaling adaptor that promotes inflammation, cell proliferation and migration, [12] [13] [14] [15] [16] through removing damaged proteins and organelles to prevent genomic damage, 4, 6, 15, 17, 18 or by promoting homologous recombination DNA repair in response to ionizing radiation-induced DNA double-strand breaks in mammalian cells. 19, 20 In addition, autophagy may suppress tumor initiation by regulating another essential DNA repair pathway: nucleotide excision repair (NER). NER is a versatile DNA repair pathway that eliminates a wide variety of helix-distorting base lesions induced by environmental carcinogenic sources, including 2 products induced by solar UVB radiation, namely, cyclobutane pyrimidine dimers (CPD) and (6-4) photoproducts (6-4PP), as well as other bulky adducts induced by air pollutants. [21] [22] [23] [24] [25] [26] [27] Defects in the global genome NER (GG-NER) subpathway cause xeroderma pigmentosum (XP), an autosomal recessive disorder predisposing affected individuals to cancer development not only in the skin, but also in the brain and lungs. 24, 25, 28, 29 Seven XP group genes plus one variant have been identified as indispensable NER factors, 24, 25, [29] [30] [31] among which XPC and DDB2 are essential for GG-NER-specific damage recognition. [32] [33] [34] These NER factors are regulated at the transcription and posttranslational levels by a number of endogenous and environmental factors. 35, 36 Since these XP factors are difficult to target directly, identification of their upstream regulators will provide pharmaceutically accessible tools for enhancing NER and potentially reducing tumorigenesis. Here we show that autophagy positively regulates DNA damage recognition by NER via 2 pathways. First, autophagy deficiency downregulates the transcription of XPC. Second, autophagy deficiency impairs the recruitment of DDB2 to UV-induced CPD sites through TWIST1-mediated inhibition of EP300. In mice, the pharmacological autophagy inducer rapamycin decreases UVB-induced tumorigenesis while the inhibitor Spautin-1 increases it. These findings demonstrate the critical role of autophagy in maintaining proper NER capacity and suggest a new tumor-suppressive mechanism of autophagy in tumor initiation.
Results

Autophagy deficiency inhibits nucleotide excision repair and downregulates XPC
To determine whether autophagy plays a role in NER, we compared NER capacity in mouse embryonic fibroblast (MEF) cells from wild-type (WT) mice with that from mice that were autophagy-deficient through loss of various autophagy-related (Atg) genes. A deficiency in Atg5 significantly reduced the repair of CPDs (Fig. 1A and C) , the major DNA damage that drives UV-induced tumorigenesis. 37 Similarly, deficiency in the genes Atg7, Atg12, or Atg14 significantly reduced the repair of CPDs (Fig. S1A to F) . In addition, Atg5 deficiency significantly reduced the repair of 6-4PPs (Fig. 1B  and D) , which are repaired much faster than CPDs and do not contribute to UV-induced skin tumorigenesis. 37 As compared with the WT group, in both MEF and immortalized baby mouse kidney (iBMK) cells, Atg5 deficiency decreased the levels of XPC (Fig. 1E) , an NER protein essential for both CPD and 6-4PP repair. 31 However, autophagy deficiency had no effect on the protein levels of other NER factors (Fig. S1G to H). Deficiency of Atg5, Atg7, Atg12, or Atg14 blocked the conversion of LC3-I to LC3-II and induced SQSTM1 accumulation (Fig. S1G , S1J to K), 2,16 2 distinctive hallmarks of autophagy, 38, 39 and Atg5 deficiency blocked basal and induced autophagic flux by either UVB irradiation or rapamycin (Fig.  S1L) , 2 indicating an autophagy deficiency. In iBMK cells, knockdown of either Atg5 or Atg7 inhibited autophagy and decreased the XPC protein level (Fig. 1F) . In human keratinocytes (HaCaT cells), the autophagy inhibitor Spautin-1 decreased the XPC protein level (Fig. S1I) . Furthermore, in HaCaT cells ATG7 knockdown inhibited autophagy and decreased the basal XPC protein level and UVB-induced XPC ubiquitination (Fig. 1G) , a biochemical process critical for DNA damage recognition mediated by the UV-DDB complex. [40] [41] [42] These results indicate that autophagy deficiency inhibits NER and downregulates XPC and UVB-induced XPC ubiquitination. Autophagy deficiency links TWIST1 to suppression of nucleotide excision repair To determine the mechanism by which autophagy regulates XPC and NER, we assessed the functional significance of TWIST1, an important transcription factor stabilized by autophagy deficiency or SQSTM1 upregulation 16, 43 ( Fig. 2A) . In autophagy-deficient cells, knockdown of Twist1 increased the XPC protein level, while it had no effect on the SQSTM1 level ( Fig. 2A) . In WT and sqstm1 knockout (KO) MEF cells, overexpression of Twist1 decreased the XPC protein level, indicating that TWIST1-induced inhibition of XPC is SQSTM1-independent (Fig. 2B) . In autophagy-deficient cells, knockdown of Twist1 restored the repair of both CPD and 6-4PP to a capacity similar to wild-type cells (Fig. 2C to F) . These results indicate that autophagy deficiency inhibits NER and downregulates XPC through upregulating TWIST1.
Autophagy deficiency inhibits XPC transcription through the TWIST1-AKT pathway To determine the mechanism by which autophagy deficiency downregulates XPC through TWIST1, we analyzed the mRNA level of Xpc and the transcriptional activity of the Xpc promoter in WT and atg5 KO MEF cells. Autophagy deficiency decreased the Xpc mRNA level and the transcription activity of the Xpc promoter (Fig. 3A-B) . Twist1 knockdown abolished the effect of autophagy deficiency (Fig. 3A and B) . TWIST1 belongs to a family of basic helix-loop-helix domain-containing transcription factors that regulate gene transcription through interaction with the proximal E-box elements of target gene promoters. [44] [45] [46] [47] To determine whether E-box elements are involved in TWIST1-mediated inhibition of Xpc transcription, we mutated the putative E-box sites identified in silico individually or in combination (Fig. S2A) . Mutation of these E-box sites had no effect on autophagy deficiency-induced inhibition of Xpc transcription (Fig. 3C) , indicating an E-boxindependent mechanism.
To determine the underlying mechanism by which TWIST1 suppresses Xpc expression, we assessed the role of AKT activation, since TWIST1 has been demonstrated to activate the AKT pathway, [48] [49] [50] and AKT activation suppresses Xpc transcription. 51 Our results indicated that autophagy deficiency activates the AKT pathway and that Twist1 knockdown blocked the effect of autophagy deficiency on AKT activation (Fig. 3D) . We have recently demonstrated that the AKT pathway promotes the nuclear localization of RBL2/p130, 51 forming the RBL2-E2F4 complex that binds to the E2F site of the Xpc promoter and inhibits Xpc transcription. 52, 53 Autophagy deficiency increased the nuclear localization of RBL2, whereas it had no effect on E2F4 localization (Fig. 3E) . Mutation of the E2F site in the Xpc promoter abolished autophagy deficiency-mediated inhibition of Xpc transcription (Fig. 3F, Fig. S2B ). In autophagy-deficient cells, blocking the AKT pathway with the PI3K inhibitor LY294002 completely restored the XPC protein level and 6-4PP repair but only partially rescued CPD repair ( Fig. 3G to I, Fig. S2C and D). These results indicate that autophagy regulates repair of 6-4PP and CPD through promoting Xpc expression, while another mechanism in addition to XPC availability is also critical for autophagy regulation of CPD repair.
Autophagy deficiency inhibits 6-4PP repair via decreasing XPC while it inhibits CPD repair via both decreasing XPC availability and damage recognition by DDB2
To determine the role of XPC in autophagy regulation of NER, XPC was added in both WT and atg5 KO MEF cells. Xpc addition did not affect the TWIST1 protein level (Fig. 4A) . In autophagy-deficient cells, Xpc addition completely restored 6-4PP repair to a level similar to WT cells, while it only partially restored CPD repair ( Fig. 4B and C, Fig. S3A and B) . To determine the role of TWIST1 in CPD repair independent of XPC transcription, we re-expressed XPC driven by the constitutive CMV promoter in XPC-deficient human dermal fibroblasts (XPC -/--CMV-XPC), in which XPC transcription is not affected by transcriptional regulators including TWIST1. In these XPC -/--CMV-XPC cells, TWIST1 addition did not affect XPC expression (Fig. 4D ). TWIST1 addition inhibited CPD repair, while it had no effect on 6-4PP repair (Fig. 4E, Fig. S3C to E) . It has been demonstrated that unlike 6-4PP repair, CPD repair requires DDB2 for recognizing CPD formed in genomic DNA. 54 A micro-irradiation assay demonstrated that TWIST1 addition inhibited the recruitment of both XPC (Fig. 4F and G) and DDB2 to subnuclear UV-induced CPD sites ( Fig. 4H and I ). These data demonstrated that autophagy deficiency inhibits 6-4PP repair through downregulation of XPC, whereas it inhibits CPD repair through both downregulating XPC and inhibiting CPD damage recognition by DDB2.
Autophagy deficiency inhibits DDB2 recruitment through TWIST1 binding and inhibition of EP300
To determine the mechanism by which TWIST1 inhibits CPD recognition by DDB2, we assessed the role of EP300, an NERpromoting acetyltransferase [55] [56] [57] [58] binding with TWIST1.
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EP300 is important for the recruitment of DDB2, an essential step for the recruitment of the DDB1-CUL4A complex and subsequent ubiquitination of XPC. 55 We found that TWIST1 binds with EP300, and the TWIST1-EP300 interaction is increased in autophagy-deficient MEF cells (Fig. 5A ). In contrast to the partial restoration of CPD repair obtained by adding Xpc alone, in autophagy-deficient cells adding both Xpc and Ep300 completely restored CPD repair to a level similar to WT cells, while it had no effect on the TWIST1 protein level (Fig. 5B and C, Fig. S4A ). In XPC -/--CMV-XPC cells, deletion of the EP300-binding domain in TWIST1 completely abolished the inhibitory effect of TWIST1 on CPD repair (Fig. 5D to F, Fig. S4B ) and DDB2 recruitment to the CPD sites ( Fig. 5G and H) . These data indicate that in autophagydeficient cells, increased TWIST1-EP300 interaction inhibits CPD recognition by DDB2 and thus suppresses CPD repair.
Pharmacological modulators of autophagy regulate UVBinduced skin carcinogenesis
To determine the functional significance of autophagy in skin cancer, we assessed the effect of pharmacological modulators on UVB-induced skin tumorigenesis as a clinically relevant mouse model. We irradiated SKH-1 mice with UVB for 17 wk until they developed 1 to 3 tumors on average that were 1 to 3mm 3 in diameter. Then these mice were treated topically with vehicle, the autophagy inducer rapamycin or the autophagy inhibitor Spautin-1, along with real or sham continuing UVB exposure (Fig. 6A) . In UVB-irradiated nontumor skin, rapamycin induced autophagy while Spautin-1 inhibited it (Fig. 6B) . Autophagy inhibition by Spautin-1 increased the TWIST1 level and decreased the XPC level, while autophagy induction by rapamycin decreased the TWIST1 level and increased the XPC level (Fig. 6B) .
Immunohistochemical analysis also showed that Spautin-1 increased while rapamycin decreased the levels of SQSTM1 and TWIST1 and the number of MKI67/Ki67-positive cells (Fig. 6C) . Rapamycin alone or in combination with continued UVB exposure significantly reduced new tumor formation and inhibited the growth of established tumors (Fig. 6D to G) . Treatment with Spautin-1 alone had no effect on new tumor formation but significantly promoted the growth of established tumors ( Fig. 6D and F) . In contrast, treatment with Spautin-1 in combination with UVB irradiation significantly increased both new tumor formation and growth of established tumors ( Fig. 6E and G) . These results indicate that pharmacological autophagy modulators regulate UVB-induced tumorigenesis and tumor growth and suggest a tumor-suppressive role of autophagy in skin tumorigenesis. It is possible that the other targets of Spautin-1 or rapamycin also contribute to their effect on UVB-induced tumorigenesis, including the effect of rapamycin on the autophagy-independent processes regulated by MTOR signaling. 60, 61 Further investigation will elucidate the specific contribution of autophagy modulation in the effect of these pharmacological autophagy modulators.
Discussion
Autophagy plays critical roles in tissue homeostasis and stress response. 1, 5 In cancer, the role of autophagy is shown to be dynamic and context-dependent. [6] [7] [8] [9] Here we show that autophagy is required for efficient repair of UVB-induced DNA damage by nucleotide excision repair (NER). Autophagy deficiency inhibits NER by suppressing transcription of XPC and recruitment of DDB2 to UVB-induced CPD sites. In mice, the pharmacological autophagy inducer rapamycin decreases UVBinduced tumorigenesis while inhibitor Spautin-1 increases it. Our findings elucidate a crucial role of autophagy in NER and provide a vital molecular mechanism linking autophagy and genomic integrity in cancer (Fig. 7) .
Our findings have identified a novel role of autophagy in regulating NER in mammalian cells. We demonstrated that autophagy regulates NER via suppressing TWIST1. TWIST1 inhibits NER through at least 2 mechanisms: (1) TWIST1 downregulates XPC transcription through activating the E2F4-RBL2 transcription repressor complex, and (2) TWIST1 inhibits UVB-CPD recognition by DDB2 through binding to EP300 and thus suppressing EP300 activity. Furthermore, in autophagy-deficient cells, inhibition of EP300 activity by TWIST1 upregulation may also impair later steps in NER, since EP300 is important for chromatin remodeling and the function of XPG and PCNA. [56] [57] [58] Future investigation will demonstrate whether other mechanisms are involved in the regulation of XPC and NER by the autophagy-TWIST1 axis, including RAD23B, which not only binds to XPC to stabilize XPC protein and to stimulate XPC activity in NER [62] [63] [64] but also binds to TWIST1 in regulating TWIST1 stability by autophagy. 16 Additional investigation will also determine whether autophagy also positively regulates NER in lower organisms besides mammalian cells.
In contrast to TWIST1's suppressive role in NER, other EMT transcription factors, including ZEB1, SNAI1/SNAIL and SNAI2/SLUG, promote DSB repair and cisplatin-DNA damage repair and thus promote radioresistance and cisplatin resistance, respectively. [65] [66] [67] Thus the role of EMT factors in DNA repair seems to be specific to DNA damage types and the specific repair system required. Our findings demonstrated that TWIST1 mediates NER suppression in autophagy-deficient cells, underscoring the crucial role of TWIST1 regulation by autophagy in cancer initiation.
Our results indicate that TWIST1 suppresses XPC transcription through AKT-mediated activation of the E2F4-RBL2 suppressor complex, but not through the putative E-box elements in the XPC promoter. Future studies will reveal whether E-box elements in the distal region of the XPC gene have active roles in the effect of TWIST1. TWIST1 activates the AKT pathway through upregulating AKT2 48, 49 or downregulating the tumor suppressor PTEN. 50 Our findings indicate that inhibiting the PI3K-AKT pathway restored XPC expression, supporting the critical role of the TWIST1-AKT signaling axis in NER suppression.
In summary, our findings demonstrate that autophagy positively regulates UVB-DNA damage recognition by nucleotide excision repair via suppressing TWIST1 and suggest that autophagy is tumor suppressive in the skin. TWIST1 suppresses the transcription of Xpc and the activity of EP300 in DNA damage sensing by DDB2. Our findings may shed light on the previously unrecognized positive role of autophagy in nucleotide excision repair, genomic integrity, and thus tumor suppression.
Materials and methods
Animal treatments
All animal procedures have been approved by the University of Chicago Institutional Animal Care and Use Committee. Hairless SKH-1 mice were obtained from Charles River (477). SKH-1 mice were exposed to UVB (100 mJ/cm 2 , dose selected to avoid visible sunburn) dorsally or sham-irradiated, 3 times a wk for up to 27 wk, to monitor tumor formation and growth. After 17 wk of irradiation, mice were treated with rapamycin (10 nmol; LC Laboratories, R-5000) or Spautin-1 (25 nmol; Cellagen Technology, C3430-2S) topically. Mouse skin samples were fixed in formalin for histological analysis (HE) or immunohistochemical analysis for TWIST1 (Abcam, 50887), SQSTM1 (PROGEN, GP62) and MKI67 (Abcam, 15580)-positive cells (Immunohistochemistry Core Facility).
Cell culture
WT and atg5 KO MEF cells (obtained from Dr. Noboru Mizushima, University of Tokyo, Japan), WT and atg5 KO iBMK cells (provided by Dr. Eileen White, The Cancer Institute of New Jersey, NJ, USA), WT, sqstm1 KO, atg7 KO, atg12 KO, and Atg14 cKO MEF cells (cKO, derived from Atg14fl/fl MEF cells treated with a Cre-expressing retroviral vector) (obtained from Dr. Seungmin Hwang, University of Chicago, IL, USA), XPC-deficient human fibroblast cells (Coriell Institute, GM15983), HaCaT (human keratinocytes, provided by Dr. Norbert E. Fusenig, German Cancer Research Center, Germany) and HEK-293T (human embryonic kidney cells) were maintained in a monolayer culture in 95% air/5% CO 2 at 37 C in Dulbecco's modified Eagle's medium (Invitrogen, 11965-092) supplemented with 10% fetal bovine serum (Hyclone, SH30910.03), 100 units per mL penicillin and 100 mg per mL streptomycin (Invitrogen, 15140-122). A pharmacological inhibitor of the AKT pathway (LY294002; Enzo, BML-ST420-0005) was added 12 h before the UVB treatment to a final concentration of 10 mM.
Plasmids transfection
Lentiviral systems were used to reconstitute XPC (CMV-XPC) in XPC-deficient (XPC -/-) cells (Coriell, GM15983) (XPC -/--CMV-XPC), to express Myc-Twist1 in WT and sqstm1 KO MEF cells, and knockdown of mouse Atg5, Atg7, Twist1 and human ATG7, with HEK293T cells used as packaging cells. HEK293T cells were transfected with pLKO.1 vectors, pLKO.1 shAtg5 (mouse), pLKO.1 shAtg7 (mouse), pLKO.1 shTwist1 (mouse), pLKO.1 shATG7 (Human), pLenti con, pLenti-XPC, pLenti-MYC-TWIST1 and packaging mix (psPAX2 and pMG2) using X-tremGENE 9 (Roche, 06366236001) as described as previously. 16 The piggyBac transposon system (pBC3) was used to express MYC-TWIST1 or the MYC-TWIST1 (36 to 72) deletion mutant in XPC -/--CMV-XPC cells using X-tremeGENE HP (Roche) according to the manufacturer's instructions as described previously. 16 To stably express MYC-TWIST1 or MYC-TWIST1 (36 to 72) deletion mutants in HaCaT cells, we transfected the cells with pBC3 vector or pBC3-MYC-TWIST1 (36 to 72) using Amaxa Nucleofector according to the manufacturer's instructions as described previously. 16, 51 Transient transfection of Xpc and Ep300 in WT and atg5 KO MEF cells was carried out using X-tremeGENE HP (Roche, 06365787001) according to the manufacturer's instructions.
Plasmids pCMV6 vector and XPC-pCMV6 were obtained from OriGene Technologies. MYC-TWIST1 pcDNA3.1 was kindly provided by Dr. Anthony Firuli (Indiana University, IN, USA). pLKO.1 shTwist1 (mouse) was obtained from Dharmacon (Dharmacon, RMM4532-EG22160). pLKO.1 shAtg5 (mouse) and pLKO.1 shAtg7 (mouse) were kindly provided by Dr. Seungmin Hwang. Ep300 pcDNA3.1 (Addgene, 30489; deposited by Tso-Pang Yao) and pLenti CMV Dest vectors (Addgene, 17452; deposited by Eric Campeau) were obtained from Addgene. pLKO.1 shATG7 (human) was obtained from Dr. Alec Kimmelman (Harvard Medical School, MA, USA). pGL3 XPC-luc, pGL3 XPC-luc WT and pGL3 XPC-luc with E2F mutation were provided by Dr. Pradip Raychaudhuri (University of Illinois at Chicago, IL, USA).
DNA constructs
We cloned the MYC-TWIST1 (HindIII/XbaI) from the pcDNA3.1 vector to the pBC3 vector (modified piggyBac vector) and the pENTER vector. We also cloned XPC from the pCMV vector to the pENTER vector. TWIST1 deletion (pBC3-MYC-TWIST1-(36 to 72) deletion) was performed using the following primers: primer A 5'-CCATCGATAAGCTTGGTA-CCGAGC-3', primer B 5'-CTTGCCGCGCTTAGCCC-CGCGCTT-3', primer C 5'-AAGCGCGGGGCTAAGCG-CGGCAAG-3' and primer D 5'-CGTATCTAGACTAGTGG-GACGCGG-3'. Overlap extension PCR was performed to generate pBC3-MYC-TWIST1-(36 to 72) deletion as described previously. 68 pENTER MYC-TWIST1 and pENTER XPC were recombined into pLenti CMV Dest vector using Gateway LR Clonase Enzyme Mix (Invitrogen, 11791-019) following the manufacturer's instructions. All constructs were confirmed by sequencing.
Site-directed mutagenesis
Mutations of the E-Box1/4 binding site and deletion of the EBox2/3 binding site of wild-type pGL3-XPC plasmids were carried out using a QuikChange XL site-directed mutagenesis kit following the manufacturer's instructions (Stratagene, 200521) as described previously. 16 The amino acid changes were introduced into the pGL3-XPC plasmids by using the following primers. E-Box1 sense 5'-AACTCTAGCTCCAGGGGATAA-GATACCTTGTTCTGTCTCAC-3' and E-Box1 antisense 5'-GTGAGACAGAACAAGGTATCTTATCCCCTGGAGCTA-GAGTT-3'; E-Box2/3 deletion sense 5'-TGGTGTTTCAAT-CACTGGTGGTGCTAGTACACAACC-3' and E-Box2/3 deletion antisense 5'-GGTTGTGTACTAGCACCACCAGT-GATTGAAACACCA-3'; E-Box4 sense 5'-GCAGGGG-CTGTGTGTGAATGTAAGGGTGTGAAAGACAT-3' and E-Box4 antisense 5'-ATGTCTTTCACACCCTTACATTCA-CACACAGCCCCTGC-3'. All mutants were confirmed by sequencing.
Immunoprecipitation
Immunoprecipitation was performed as described previously by using anti-TWIST1 (Abcam, 50887) antibody. 16 
Western blotting
Western blotting was performed as described previously. 16, 51 Antibodies used were as follows: XPC (Santa Cruz Biotechnology, sc30156), GAPDH (Santa Cruz Biotechnology, sc25778), E2F4 (Santa Cruz Biotechnology, sc1082), RBL2 (Santa Cruz Biotechnology, sc317), total AKT (Santa Cruz Biotechnology, sc5298) and EP300 (Santa Cruz Biotechnology, sc585); p-AKT (Ser473) (Cell Signaling Technology, 3789), ATG5 (Cell Signaling Technology, 8540), ATG7 (Cell Signaling Technology, 8558) and LC3-I/II (Cell Signaling Technology, 4108); DDB2 (Abcam, 181136) and TWIST1 (Abcam, 50887) and SQSTM1/ p62 (PROGENE GP62). Cytosolic and nuclear proteins were isolated as described previously. 51 
Luciferase reporter assays
Cells were transfected with pGL3 Xpc -Luc, pGL3 Xpc -Luc WT, pGL3 Xpc -Luc E2F mutation, pGL3 Xpc (E-Box1 Mutation)-Luc, pGL3 Xpc (E-Box2/3-Deletion)-Luc, pGL3 Xpc (EBox4-Mutation)-Luc and 0.025 mg of pRL-TK (used as a transfection efficiency control; Promega, E2241) using X-treme-GENE HP (Roche, 06366236001) according to the manufacturer's instructions. Luciferase reporter assays were performed as described previously. 16, 51 Immunohistochemical analysis TWIST1 (Abcam, 50887), SQSTM1/p62 (PROGEN, GP62) and MKI67 (Abcam, 15580) were determined using immunohistochemical analysis by the Immunohistochemistry core facility at the University of Chicago. To exclude the contribution of endogenous brown pigmentation due to melanin, we also performed hematoxylin and eosin (H&E) staining.
Real-time PCR
Quantitative real-time PCR assays were performed using a CFX Connect real-time system (Bio-Rad, Hercules, CA) using BioRad iQ SYBR Green Supermix (Bio-Rad, 1708880). 51 The threshold cycle number (CQ) for each sample was determined in triplicate. The CQ for values for Xpc were normalized against Gapdh as described previously. 51 Amplification primers were 5'-CAAAAAGCAAGGTGGTGGACC-3' (forward), 5'-TTCATCATCCTCCGCAGGTATG-3' (reverse) for the mouse Xpc gene; 5'-AGGTCGGTGTGAACGGATTTG-3' (forward) and 5'-TGTAGACCATGTAGTTGAGGT-3' (reverse) for the mouse Gapdh gene.
Determination of 2 major forms of UVB-induced DNA damage in genomic DNA by slot blot assay Slot blot assays of CPD and 6-4PP were performed as described previously. 69 Briefly, cells were collected at different time points post-UVB, and DNA was isolated using a QIAamp DNA Mini Kit (Qiagen, 51304). The DNA concentration was calculated from the absorbance at 260 nm using NanoDrop 1000 (NanoDrop products, Wilmington, DE). The CPD and 6-4PP in DNA were quantified by slot blot (Bio-Rad) with antibodies (COSMO BIO Co.,TDM-2 for CPD and 64 M-2 for 6-4PP). For examining repair kinetics, the percentage (%) of repair was calculated by comparing the optical density at the indicated time to that of the corresponding absorbance at time zero when there was no opportunity for repair and 100% of CPDs (or 6-4PPs) were present post-UVB.
Local UV irradiation
Local (micropore) UV irradiation was carried out as described. 55 Briefly, an isopore polycarbonate filter (Millipore Co., TMTP02500) containing pores 5 mm in diameter was placed on top of the cell monolayer. The cells were cultured on cover slips and irradiated from above with UVC (254 nm, 10 mJ/cm 2 ). The cells were then permeabilized and incubated with primary rabbit anti-CPD (COSMO BIO Co., TDM-2 for CPD) and 6-4PP (COSMO BIO Co., 64M-2) together with XPC (Santa Cruz Biotechnology, sc30156) or DDB2 (Abcam, 181136). After washing with phosphate-buffered saline (Life Technologies, 20012-050), the cells were incubated with Alexa Fluor 488 F (ab') 2 fragments of goat anti-mouse IgG antibodies and Alexa Fluor 568 of goat anti-rabbit IgG antibodies (ThermoFisher Scientific, A11017 and A11011, respectively). The cells were then fixed in Prolong Gold Antifade with DAPI (Invitrogen, P-36931) and observed under a fluorescence microscope (Olympus IX71, Olympus, Center Valley, PA).
Statistical analyses
Statistical analyses were performed using Prism 6 (GraphPad software, San Diego, CA, USA). Data were expressed as the mean of at least 3 independent experiments, and analyzed by the Student t test. Error bars indicate the standard deviations of the means (SD). A P value of <0.05 was considered statistically significant. 
